1. Introduction {#sec1}
===============

It is difficult to sustain the beneficial effects of behavioral and lifestyle modifications and low-calorie meal replacement strategies, as the normal biological adaptations, such as increased hunger and decreased metabolism, tend to counteract the weight loss and result in relapse [@bib1]. It is estimated that more than eighty percent of patients engaging in such non-invasive conventional weight loss therapies regain all lost body weight within a few years [@bib2]. More sustained effects are achieved with pharmacotherapy, particularly if combined with these conventional approaches [@bib3], but the prospect that children and adolescents with obesity have to take drugs for decades is of concern.

On the other hand, bariatric surgery, particularly vertical sleeve gastrectomy (VSG) and Roux-en-Y gastric bypass (RYGB), results in large and sustained weight loss and the concomitant remission or prevention of T2DM, cardiovascular disease, fatty liver disease, sleep apnea, and certain cancers, in a majority of patients [@bib4]. For many reasons, it is not possible to treat all obese patients with surgery; however, understanding the molecular mechanisms by which surgery confers its remarkable beneficial effects would go a long way in designing surgeries with a better efficiency/invasiveness ratio or non-surgical obesity treatments.

In the search for molecular mechanisms underlying the beneficial effects of bariatric surgeries on body weight and metabolic health, favorable changes in gut hormone signaling have been prime candidates [@bib5], [@bib6]. GLP-1 and PYY, both secreted from the intestinal L-cells have attracted the most attention, because their postprandial circulating levels are greatly increased after both VSG and RYGB [@bib7], [@bib8] and because they have powerful physiological actions on gut, pancreas, and brain that result in reduced food intake and lower body weight [@bib9]. However, in direct tests of their importance for successful bariatric surgeries, systemic disruption of GLP-1 signaling with Exendin-9,39 in obese diabetic and non-diabetic human subjects [@bib10], [@bib11] and with GLP-1R deletion in mice did not change the effectiveness of RYGB to lower body weight, food intake, and improve glycemic control [@bib12], [@bib13]. Support for a role of PYY comes from the observation that the body weight-lowering effect of surgery seen in wildtype mice was reduced in mice with PYY-deficiency [@bib14]. However, interpretation of that study is complicated, as duodenal bypass surgery with a side-to-side anastomosis of the duodenum to the gastric greater curvature, not RYGB or VSG was performed, and the preparation was only viable for 10 days after surgery. Pharmacological blockade of Y2-receptor signaling for 2 weeks in the brain of rats with previous RYGB was unable to increase food intake and body weight, suggesting that PYY-signaling in the brain is not required for the beneficial effects of RYGB [@bib13]. Furthermore, RYGB was similarly effective in lowering body weight and adiposity in Y2R knockout mice [@bib15].

One of the reasons for these mostly negative and unexpected outcomes with single pathway germline knockout models could be compensatory adaptive changes in other pathways. It is plausible that, when knocking out the GLP-1 signaling pathway, the PYY-signaling pathway takes over some of the functions and vice versa [@bib16]. This view is somewhat supported by the demonstration that subthreshold doses of GLP-1 and PYY(3--36) produce substantial decreases in food intake in humans, when combined [@bib17]. Therefore, we hypothesized that deleting both signaling pathways simultaneously in GLP1R/Y2R-double knockout mice would significantly attenuate or abolish the effects of RYGB on food intake, body weight, and glycemic control.

2. Materials and methods {#sec2}
========================

2.1. Experimental animals {#sec2.1}
-------------------------

Animal studies conducted at MedImmune (USA) adhered to protocols reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at MedImmune in line with the AstraZeneca Animal Welfare and Bioethics policies. Studies conducted at the Pennington Biomedical Research Center adhered to protocols approved by the Pennington Center IACUC.

Double GLP1RKO:Y2RKO mice were derived from crosses of GLP1RKO:Y2R heterozygous breeding pairs. Initially, Y2R-deficient mice (Y2RKO) were generated by CRISPR/Cas9 technology as described previously [@bib15]. GLP-1R-deficient mice (GLP1RKO) were originally obtained from the laboratory of Dr Daniel Drucker [@bib18]. GLP1RKO mice were bred with heterozygous mice to generate GLP1R heterozygotes either wildtype or heterozygous for Y2R. Double heterozygous mice were bred to yield GLP1RKO mice heterozygous for Y2R. It was these mice that were interbred at The Jackson Laboratory (Bar Harbor, ME, USA) to generate GLP1RKO and GLP1RKO/Y2RKO used in these studies. Wildtype controls and Y2RKO mice were obtained from a parallel Y2R heterozygous breeding colony [@bib15]. Genotyping was performed at Transnetyx (Cordova, TN) from samples collected from mice generated at The Jackson Laboratory, using previous published PCR protocols [@bib15] for the *Npy2r* allele and Baggio et al. for *Glp1r* [@bib18]. All mouse lines were backcrossed onto C57BL6J genetic background and were housed in standard caging at 22 °C in a 12-h light: 12-h dark cycle at standard temperature and humidity conditions with *ad libitum* access to water and food (except where noted).

2.2. High-fat diet studies {#sec2.2}
--------------------------

### 2.2.1. Animals and diets {#sec2.2.1}

Male C57BL6/J mice (WT), Y2RKO, GLP1RKO, and GLP1RKO/Y2RKO mice were used for these studies. They arrived at 10--12 weeks of age and, following one-week of acclimatization, baseline characteristics were recorded, including %HbA1c, and used to randomize the mice. Mice were then single-housed and transitioned to a 60% HF diet (\# 12492, Research Diets) to yield 4 groups: WT, Y2RKO, GLP1RKO, and GLP1RKO/Y2RKO. Body weight was tracked weekly for 3 months. Six-hour fasting insulin and glucose were tracked at monthly intervals, as was body composition. At month 3, an intraperitoneal glucose tolerance test (1.5 g/kg) was performed following 6 h of fasting. One week later, a mixed-meal tolerance test (10 μL Ensure^®^/g) following 6 h of fasting; acetaminophen was added to the Ensure^®^ mixture to allow assessment of gastric emptying (10 g/L). One week later, an additional mixed meal tolerance test was performed to assess baseline and meal-stimulated peptide release. Three days later, animals were sacrificed, and the proximal duodenum was removed and snap frozen for subsequent gene expression analysis.

### 2.2.2. Plasma parameters {#sec2.2.2}

For the 6-h fasting blood glucose values in all cohorts and the blood glucose values indicated for the ipGTTs and ITTs, a glucometer was used (Ascensia Breeze, Bayer, Germany) with tail-vein blood. For all other tolerance tests, plasma glucose was determined via colorimetric glucose oxidase kit (Cayman Chemical, Ann Arbor, MI). Six-hour fasting plasma insulin was determined via ELISA (MSD, Rockville, MD). The %HbA1c was determined colorimetrically from whole blood (Crystal Chem, Elk Grove Village, IL). For determination of circulating metabolic plasma peptide levels, the animals were 6-h fasted, retro-orbitally (RO) bled, gavaged with 10 μL/g Ensure^®^, and then RO bled again at minute 30. The Milliplex MAP mouse metabolic hormone magnetic bead panel was used to assess all peptides (Kenilworth, NJ), except for GLP-2, which was determined using the ALPCO mouse GLP-2 ELISA (Salem, NH) and total GLP-1, which was determined using a commercial ELISA (EZGLP1T-36K assay, Millipore Sigma, Burlington, MA). Plasma acetaminophen was determined at minute 30 using a colorimetric kit (Cambridge Life Sciences, UK).

### 2.2.3. Gene expression analysis {#sec2.2.3}

Duodenal RNA was isolated using TRIzol reagent (ThermoFischer, Waltham, MA). cDNA was synthesized using the Superscript III First-Strand Synthesis System (ThermoFischer). qRT-PCR analysis was performed using Taqman Gene Expression probe/primer sets (ThermoFischer) for *Npy1r*, *Npy2r*,*Glp1r*, *Glp2r*, *Cckar*, *Cckbr*, *Gipr*, *Cck*, *Pyy*, *Gcg*, *Gip*, and *Ppia*. Results are shown as the target gene expression relative to *Ppia* expression and normalized to WT expression using the 2(^−ΔΔCt^) method.

### 2.2.4. Tolerance tests and gastric emptying {#sec2.2.4}

Intraperitoneal glucose tolerance tests were performed at either month 3 or 4. Mice were 6-h fasted and injected intraperitoneally with 1.5 g/kg glucose in saline. Blood glucose was determined at 0, 15, 30, 60, 120, and 180 min for cohort 1; 0, 15, 30, 60, and 120 min for cohort 2; and 0, 15, 30, 60, 90, and 120 min for cohort 3.

Mixed-meal tolerance tests and simultaneous assessment of gastric emptying were performed at month 3. Mice were 6-h fasted for 6 h and gavaged with 10 μL Ensure^®^/g containing 10 g/L acetaminophen (Sigma, St. Louis, MO). Blood glucose was determined at baseline and at 30 min.

2.3. RYGB studies {#sec2.3}
-----------------

### 2.3.1. Animals and diets {#sec2.3.1}

Male mice homozygous for both the Y2R and GLP-1R deletions, GLP1RKO/Y2RKO mice, and age-matched C57BL6/J wildtype mice exposed to high-fat diet (60%, \# 12492, Research Diets) from 6 weeks of age were shipped to the Pennington Biomedical Research Center at the age of 14 weeks. They were housed individually and switched to a two-choice diet consisting of high-fat diet and regular chow (Purina LabDiet). Baseline measurements of food intake were carried out after 4 weeks of adaptation and before surgeries were performed.

### 2.3.2. RYGB, sham surgery, and weight matching {#sec2.3.2}

RYGB was carried out according to a protocol described previously [@bib19]. Briefly, in a jejuno-gastric anastomosis, the cut end of the mid jejunum was connected with a very small gastric pouch and the other end of the cut jejunum was anastomosed to the lower jejunum, resulting in a 5--6 cm long Roux limb, a 9--11 cm long biliopancreatic limb, and a 20--25 cm long common limb. Sham surgery consisted of laparotomy only, without transection of jejunum and stomach. Mice weight-matched (WM) to the RYGB group were restricted to about 50--70% of the caloric intake of the RYGB group. Pre-weighed amounts of food (Kcal: ∼93% high-fat, ∼7% chow) were given once per day during the light period.

Three of the double-knockout mice undergoing RYGB died, two after 1 week and one after 4 weeks. No autopsy was performed, and there was no apparent reason for their death, except for signs of an inflammation and infection. One additional double-knockout mouse in the weight-matched group died for apparently the same reasons. These mice were not included in any of the analyses. None of the double-knockout with sham surgery and none of the WT mice had any complications.

### 2.3.3. Measurement of body weight, body composition, food intake, and energy expenditure {#sec2.3.3}

Body weight was measured every 2--3 days for RYGB and sham mice, and every day for WM mice. Body composition was measured before and every 2 weeks (±4 days) after surgery with a Minispec LF 90 NMR Analyzer (Bruker Corporation, The Woodlands, TX). Adiposity index was defined as fat mass divided by lean mass.

Food intake was measured for 5 days before and 10 days after surgery. Total food intake in kcal was derived from intake of high-fat diet (5.24 kcal/g) and regular chow diet (3.02 kcal/g) and by taking spillage into account. Chow preference was calculated as the percentage of total food intake in kcals obtained from regular chow diet.

Energy expenditure, RER, and locomotor activity were measured at 5--7 weeks after surgery in metabolic chambers (Phenomaster/Labmaster, TSE Systems, Germany). All mice were first adapted to eating food from hanging baskets in training cages for 4--6 days. Mice that had difficulty eating from hanging baskets were floor-fed. Energy expenditure was measured at two ambient temperatures, normal room temperature at 23 °C for 3 days and near thermoneutrality at 29 °C for 3 days. Mice were adapted for at least one day to each condition before taking measurements. Energy expenditure is reported as both unadjusted in kcal/mouse and adjusted for lean and total body mass. Locomotor activity was measured in numbers of beam breaks in the X and Y planes (7 mm spatial resolution, 10 ms temporal resolution).

### 2.3.4. Glucose and insulin tolerance tests, fasting insulin and leptin {#sec2.3.4}

Glucose tolerance was assessed at 3--4 weeks after surgery by injecting α-[d]{.smallcaps}-glucose (1.5 mg/kg, 30% w/v in sterile saline, i.p.) and measuring blood glucose from the tail vein before and at 15, 30, 60, and 120 min after injection, with glucose strips and a glucometer (Onetouch Ultra Strips and Onetouch Ultra Glucometer, LifeScan INC, Milpitas, CA). Glucose tolerance tests were conducted between 09:00 and noon, after 3--5 h of food deprivation.

Insulin tolerance was assessed at 9--10 weeks after surgery by injecting insulin (0.6 U/kg in sterile saline, i.p., Novolin R, Novo Nordisk, Bagsvaerd, Denmark) and measuring blood glucose as above.

### 2.3.5. Final plasma and tissue harvest {#sec2.3.5}

16 weeks after surgery, mice were food deprived for 3--5 h and euthanized by decapitation. A few drops of trunk blood were collected, and blood glucose was immediately tested using glucose strips as above. An additional 500 μL of trunk blood was collected, treated with 83.5 μL EDTA (Sigma, St. Louis, MO) and a protease inhibitor cocktail (1.5 μL of each of the following: Protease inhibitor, Sigma, St. Louis, MO; DPP-IV inhibitor, EMD Millipore, St. Charles, MO; Prefabloc SC, Roche, Indianapolis, IN), and immediately centrifuged at 4 °C and 3000 RPM for 10 min to separate the plasma from the whole blood. Plasma aliquots were frozen in liquid nitrogen and stored at −80 °C prior to processing. Plasma was subjected to ELISA for measurement of insulin and other hormone concentrations (MADKMAG-71K Milliplex map mouse adipokine magnetic bead panel -- endocrine multiplex assay, EMD Millipore, St. Charles, MO).

2.4. Statistical analysis {#sec2.4}
-------------------------

For high-fat diet growth curves, data normality was determined by the D\'Agnostino and Pearson test. Parametric data were analyzed by one-way or two-way ANOVA followed by Tukey\'s test. Data are presented as mean ± SEM. All data were analyzed using GraphPad Prism software version 7.02 (San Diego, CA). Statistical significance was set at *p* ≤ 0.05.

Differential changes in weight, fat mass, and adiposity index between RYGB and sham were analyzed with ANOVA, followed by Students *t*-tests and considered significant at *p* \< 0.05. Food intake, energy expenditure, locomotor activity, RER, insulin and glucose tolerance AUC, and fasting plasma assays were analyzed with two-way ANOVA using treatment group and genotype as between subject variables. Benjamini-Hochberg corrected pairwise *t*-tests with false discovery rate set at 0.05 were used for specific group comparisons. All data are reported as mean ± SEM.

3. Results {#sec3}
==========

3.1. Response to high-fat diet {#sec3.1}
------------------------------

High-fat diet-induced body weight gain, and body composition was similar in WT, GLP1R-KO, Y2R-KO, and GLP1RKO/Y2RKO mice over the 15 weeks of exposure ([Figure 1](#fig1){ref-type="fig"}A--C). Both fasting glucose and insulin increased with time of exposure to high-fat diet in all groups, with only minor differences, most notably lower fasting insulin levels at 15 weeks in GLP1RKO and GLP1R/Y2R-double knockout compared with WT mice ([Figure 1](#fig1){ref-type="fig"}D,E). Glucose tolerance at 10 weeks tended to be more impaired in the GLP1RKO and GLP1RKO/Y2RKO, but less impaired in Y2RKO compared to WT mice ([Figure 1](#fig1){ref-type="fig"}G). However, when looking at the area under the curve, only the differences between Y2RKO and GLP1RKO/Y2RKO as well as Y2RKO and GLP1RKO were statistically significant ([Figure 1](#fig1){ref-type="fig"}H). There were no significant differences in hemoglobin A1c levels between any groups ([Figure 1](#fig1){ref-type="fig"}F). Similar observations were made with a mixed meal tolerance test. Thirty minute blood glucose concentrations were similar between WT and Y2RKO mice, but significantly higher in GLP1RKO and GLP1RKO/Y2RKO mice ([Supplementary Figures S1a and b](#appsec1){ref-type="sec"}). There were no significant group differences in gastric emptying ([Supplementary Figure S1c](#appsec1){ref-type="sec"}).Figure 1Physiological parameters of male WT (*n* = 11), Y2RKO (*n* = 7), GLP1RKO (*n* = 11), and GLP1RKO/Y2RKO mice (*n* = 11) on 60% HF diet. A--C: Absolute body weight (A), lean mass (B) and fat mass (C). D, E: 6-h fasting plasma glucose (D) and insulin (E). F: Overall change in % HbA1c during the study period. G, H: Intraperitoneal glucose tolerance test (1.5 g/kg, G) and the associated AUC (H). *N* ≥ 7 for all experiments. ^a^*p* ≤ 0.05 WT vs GLP1RKO, ^b^*p* ≤ 0.05 WT vs GLP1RKO/Y2RKO, ^c^*p* ≤ 0.05 Y2RKO vs GLP1RKO, ^d^*p* ≤ 0.05 Y2RKO vs GLP1RKO/Y2RKO, ^∗^*p* ≤ 0.05 vs indicated groups.Figure 1

With few exceptions, fasting plasma hormone levels were similar among the 4 groups ([Supplementary Table 1](#appsec1){ref-type="sec"}). Plasma levels of GLP-1 were higher in GLP1RKO/Y2RKO mice, GLP-2 were significantly higher in the Y2RKO and GLP1RKO compared to the GLP1RKO/Y2RKO mice, and ghrelin levels were significantly lower in Y2RKO and GLP1RKO compared to WT and GLP1RKO/Y2RKO mice. Postprandial plasma hormone levels at 30 min following a mixed meal test were also mostly similar ([Supplementary Table 1](#appsec1){ref-type="sec"}). Plasma amylin concentrations were significantly higher in GLP1RKO compared with double-knockout mice, and glucagon concentrations were higher in GLP1RKO mice compared with Y2RKO and GLP1RKO/Y2RKO mice.

Gene expression analysis of proximal intestine confirmed complete absence of *Npy2r* expression in Y2RKO and *Glp1r* expression in GLP1RKO mice ([Supplementary Table 2](#appsec1){ref-type="sec"}). In none of the three strains of knockout mice was there compensatory up- or down-regulation of other relevant genes, except for a significant upregulation of *Glp2r* in double knockout mice.

3.2. Response to RYGB {#sec3.2}
---------------------

### 3.2.1. Body weight and body composition {#sec3.2.1}

Body weight was similarly affected by RYGB and sham surgery in WT and GLP1RKO/Y2RKO mice ([Figure 2](#fig2){ref-type="fig"}A,B). RYGB in these continuously high-fat fed mice resulted in a rapid weight loss followed by a small weight regain, with a nadir of 20% weight loss around 2--6 weeks after surgery. Body weight loss compared to presurgical levels was not significant between genotypes at any time point up to 16 weeks. Sham surgery resulted in a small and transient weight loss, followed by continued weight gain. Compared to their respective sham, mice with RYGB of both genotypes lost similar amounts of body weight over 16 weeks.Figure 2A, B: Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on body weight and body composition of GLP1RKO/Y2RKO and WT mice. A, B: Effect on absolute and percent body weight over the 16 week observation period. Timing of glucose tolerance test (GTT), insulin tolerance test (ITT), metabolic chamber exposure (M, gray bars) are shown in A. C--E: Effect on fat mass (C), lean mass (D), and adiposity index (E) over the 18 week observation period. F: Plasma leptin levels at termination of the study. RYGB, KO/WT mice, *n* = 7/9; Sham, *n* = 6/7; WM, *n* = 4/5. Data in A--E are shown as means ± SEM. Data in F are presented as individual data points over a box showing means ± SEM. Groups that do not share the same letters are significantly different from each other (*p* \< 0.05, pairwise *t*-tests with Benjamini-Hochberg correction, FDR = 0.05, following ANOVA).Figure 2

Weight loss was primarily due to loss of fat mass but not lean mass ([Figure 2](#fig2){ref-type="fig"}C--E). Compared to calorie resricted, weight-matched controls, RYGB produced greater fat mass loss but less lean mass loss, resulting in a significantly lower adiposity index. However these effects were not significantly different in WT and GLP1RKO/Y2RKO mice. Plasma leptin levels at termination generally reflected body composition, except that the lower leptin levels in GLP1RKO/Y2RKO mice with RYGB compared with sham were not significantly different because of 2 mice with very high leptin levels ([Figure 2](#fig2){ref-type="fig"}F).

Weights of individual fat pads generally confirmed overall body fat analysis ([Supplementary Figure S2](#appsec1){ref-type="sec"}). RYGB resulted in significantly lower perirenal, mesenteric, and inguinal fat pad weight in both WT and GLP1RKO/Y2RKO mice compared with sham surgery. While the lower weight of retroperitoneal fat after RYGB was also significant in double-knockout mice, it did not reach significance in WT mice. RYGB did not significantly lower gonadal fat pad weight in either genotype.

Liver weight was significantly lower in RYGB and weight-matched compared to sham mice, and this effect was the same in WT and GLP1RKO/Y2RKO mice ([Supplementary Figure S3a](#appsec1){ref-type="sec"}). Heart and kidney weight was similar in RYGB and sham but lower in weight-matched mice of both genotypes ([Supplementary Figures S3b and c](#appsec1){ref-type="sec"}). As reported previously, the weight of both small intestine and colon was significantly higher in RYGB compared to both sham and weight-matched mice, and this effect was significantly enhanced in GLP1RKO/Y2RKO mice ([Supplementary Figures S3d and e](#appsec1){ref-type="sec"}).

### 3.2.2. Food intake and food choice {#sec3.2.2}

Baseline total daily food intake and food choice was not different among the 4 groups ([Figure 3](#fig3){ref-type="fig"}). In response to RYGB food intake was suppressed for about 10 days and then approached pre-surgical levels ([Figure 3](#fig3){ref-type="fig"}A). Sham surgery suppressed food intake to a lesser degree, so that food intake during the first 5 days was significantly lower in RYGB vs Sham mice of both genotypes ([Figure 3](#fig3){ref-type="fig"}B). Chow-preference was significantly higher for the first 5 days after RYGB compared to sham surgery in both WT and GLP1RKO/Y2RKO mice ([Figure 3](#fig3){ref-type="fig"}C,D).Figure 3Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on food intake and diet preference in GLP1RKO/Y2RKO and WT mice (RYGB, KO/WT mice, *n* = 7/9; Sham, *n* = 6/7; WM, *n* = 4/5). All mice were on a two choice diet consisting of high-fat (60%) and regular (10%) chow. A: Daily food intake before and for 10 days after surgery. B: Average daily food intake over the pre-surgical (5 days before surgery) and the early recovery period (first 5 days after surgery). C: Daily chow preference before and for 10 days after surgery. Preference is expressed as percent of calories obtained from chow diet. WM mice were given a fixed percent of calories from chow so their data is not shown. D: Average daily chow preference over the same periods as in (B). Data in A and C are presented as means ± SEM. Data in B and D are presented as individual data points over a box showing means ± SEM. Data that do not share the same letters are significantly different from each other (*p* \< 0.05, pairwise *t*-tests with Benjamini-Hochberg correction, FDR = 0.05, following ANOVA).Figure 3

### 3.2.3. Energy expenditure, RER, and locomotor activity {#sec3.2.3}

Total daily energy expenditure measured in metabolic chambers 6--7 weeks after surgery confirmed previous findings in WT mice. Measured at near thermoneutrality, RYGB mice had similar energy expenditure compared to sham mice, but significantly higher energy expenditure compared to weight-matched mice, and this effect was similar in both genotypes ([Figure 4](#fig4){ref-type="fig"}A). Effects on energy expenditure were reflected by similar effect on RER ([Figure 4](#fig4){ref-type="fig"}B). RYGB mice had similar RER compared to sham mice, but significantly higher RER compared to weight-matched mice, and this effect was similar in both genotypes. There were no significant differences in locomotor activity between surgery between any group ([Figure 4](#fig4){ref-type="fig"}C).Figure 4Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on ANCOVA adjusted energy expenditure using body weight as a covariate (A), respiratory exchange ratio (B), and locomotor activity (C) in GLP1RKO/Y2RKO and WT mice measured at thermoneutrality (29 °C) in metabolic cages. (RYGB, KO/WT mice, *n* = 7/9; Sham, *n* = 6/7; WM, *n* = 4,5). Data are expressed as individual data points over a box showing means ± SEM. Data that do not share the same letters are significantly different from each other (*p* \< 0.05, pairwise *t*-tests with Benjamini-Hochberg correction, FDR = 0.05, following ANOVA).Figure 4

The metabolic chamber data obtained at room temperature were generally similar to the ones obtained at thermoneutrality, but some of the differences in energy expenditure and RER did not reach statistical significance ([Supplementary Figure S4](#appsec1){ref-type="sec"}).

### 3.2.4. Glycemic control parameters {#sec3.2.4}

Intraperitoneal glucose tolerance measured at 3 weeks and insulin tolerance measured at 5 weeks after surgery were similarly affected by RYGB in both genotypes ([Figure 5](#fig5){ref-type="fig"}A,B). Glucose tolerance AUC was significantly lower in RYGB and the ability of insulin to suppress blood glucose was significantly enhanced in RYGB compared with sham mice in both WT and GLP1RKO/Y2RKO mice. However, across all groups, glucose tolerance was significantly lower in GLP1RKO/Y2RKO compared with WT mice (main effect of genotype on AUC: F(1,32) = 21.75, *p* \< 0.001). At termination, fasting blood glucose was not significantly different between any group ([Figure 5](#fig5){ref-type="fig"}C). However, fasting insulin ([Figure 5](#fig5){ref-type="fig"}D) and HOMA-IR ([Figure 5](#fig5){ref-type="fig"}E) were significantly higher in sham compared to RYGB in both WT and GLP1RKO/Y2RKO mice. Importantly, RYGB-induced improvements in any glycemic control parameter were completely accounted for by weight-matching in both WT and GLP1RKO/Y2RKO mice.Figure 5Effect of RYGB, sham surgery, or weight matching to RYGB by caloric restriction (WM) on glycemic control in GLP1RKO/Y2RKO and WT mice. A: Glucose tolerance time course and area under the curve. B: Insulin tolerance time course and area under the curve. C--E: Fasting blood glucose (C), plasma insulin (D), and HOMA-IR (E). (RYGB, KO/WT mice, *n* = 7/9; Sham, *n* = 6/7; WM, *n* = 5/4). Data are presented as means ± SEM, or as individual data points over a box showing means ± SEM. Data that do not share the same letters are significantly different from each other (*p* \< 0.05, pairwise *t*-tests with Benjamini-Hochberg correction, FDR = 0.05, following ANOVA).Figure 5

4. Discussion {#sec4}
=============

Based on the powerful effects of GLP-1 and PYY to lower food intake and body weight and improve glucose homeostasis, and their greatly increased postprandial levels after RYGB, we hypothesized that double deletion of their relevant mediating receptors, GLP-1R and Y2R would result in excess weight gain on a high-fat diet and reduced effectiveness of RYGB to reverse obesity. However, contrary to expectations, double-knockout mice behaved like WT mice with very few and only minor exceptions. Except for a non-significant tendency to display lower intraperitoneal glucose tolerance in non-surgical ([Figure 1](#fig1){ref-type="fig"}H) and a significantly lower intraperitoneal glucose tolerance in all three surgical groups ([Figure 5](#fig5){ref-type="fig"}A), GLP1RKO/Y2RKO mice responded almost exactly the same as WT mice to high fat diet and to RYGB. On high-fat diet, both WT and GLP1RKO/Y2RKO mice gained the same amount of body weight and fat mass and showed similar fasting levels of glucose, insulin, and HbA1c, and RYGB had similar beneficial effects in both genotypes. Specifically, RYGB induced similar weight loss and fat mass loss, had similar effects on food intake and energy expenditure, and improved insulin tolerance, fasting insulin, and HOMA-IR similarly.

We and others have previously shown that high-fat diet-induced obese mice with simple GLP1R deficiency also respond normally to RYGB [@bib12], [@bib13] and VSG [@bib20]. Furthermore, clinical studies in weight-matched diabetic and non-diabetic subjects that had undergone RYGB, short-term infusion of the selective GLP-1 receptor antagonist Exendin 9-39 was unable to reverse the beneficial effects of the surgery on glucose homeostasis [@bib10], [@bib11]. These findings suggest that blocking the GLP-1 signaling pathway alone is not sufficient to prevent the beneficial effects of bariatric surgeries, and that blocking more than one signaling pathway may be necessary [@bib21]. This view is indirectly supported by two previous studies. First, acute octreotide administration was able to rescue RYGB-induced food intake suppression in rats [@bib22]. As a general inhibitor of gut hormone release, octreotide can be expected to reduce signaling through more than one gut hormone receptor. Second, the observation that subthreshold doses of GLP-1 and PYY, which do not have effects when administered separately, significantly reduce food intake when given in combination in humans [@bib17] could also be taken as evidence for a synergistic effect that needs to be considered in pharmacological blocking or knockout studies. The use of combinations of drugs and other treatments in the fight against obesity and metabolic disease has recently drawn a lot of attention [@bib23] and was our rationale for generating the GLP1RKO/Y2RKO double knockout mouse. However, even this model responded similarly to RYGB, suggesting that combined blocking of GLP1R and Y2R signaling is still not sufficient to attenuate the beneficial effects of RYGB and that other signaling pathways must be or become more important.

Could it be that GLP-1R and Y2R are not the critical receptors for GLP-1 and PYY to exert their beneficial effects after RYGB? Although GLP-1 and GLP-2 selectively signal through their respective receptors, GLP-2 co-secreted on an equimolar basis from the intestinal L-cell and similarly elevated after RYGB [@bib24], [@bib25] could also be involved in its beneficial effects. Since GLP-2 has been shown to stimulate intestinal growth and blood flow [@bib26], [@bib27], it may be required for the hypertrophic effects of RYGB [@bib24]. There is ample evidence for hypertrophy and L-cell proliferation of the Roux and common limbs in rats [@bib24], [@bib28], [@bib29] and as shown here in mice, the small and large intestine weights were significantly higher in mice with RYGB compared to sham surgery or weight-matching in both WT and GLP1RKO/Y2RKO mice, while all other organs weighed either less or the same in mice with RYGB. Although we have not histologically analyzed the different gut segments as we did in rats [@bib29], it seems clear that the hypertrophic response was fully intact or even exaggerated in our DK mice and GLP-2 receptor signaling may have played a role. Furthermore, the *Glp2r* gene was significantly upregulated more than 2-fold in the duodenum of double-knockout mice, suggesting that the GLP-2R signaling pathway was upregulated and may have contributed to the greater hypertrophic response in DK mice. Gastric bypass surgery in GLP-2R- and GLP1R/GLP2R-deficient mice will be necessary to further investigate this possibility. Interestingly, there is no measurable hypertrophy of the small intestine after VSG in mice [@bib30], and loss of GLP-2R does not attenuate the weight loss and improvement in glucose control after VSG [@bib31].

Although the preferred receptor for PYY is the Y2R, and pharmacological studies have demonstrated that the beneficial effects of endogenous PYY on food intake, body weight, and glycemic control are mediated by the Y2R, PYY also has a low affinity for the Y1- and Y5-receptors. It could thus be that signaling through these receptors plays a role in the beneficial effects of RYGB. This possibility is supported by observations in PYY-deficient mice subjected to duodenal bypass surgery, which did not lose as much body weight in the first 10 days after surgery compared with WT mice [@bib14]. To further address issues of potential multiple receptor usage by GLP-1 and PYY, the effects of RYGB in GLP-1/PYY double knockout mice should be investigated. In addition, future gene knockouts combined with gastric bypass surgeries should be ideally conducted postnatally to eliminate potential developmental compensations and complications.

As in previous studies using mouse models of RYGB and high-fat diet [@bib15], [@bib32], [@bib33], [@bib34], food intake of both WT and GLP1RKO/Y2RKO mice returned to near presurgical levels around 2 weeks after RYGB. However, when taking in consideration the increased fecal energy loss after RYGB, energy available for metabolism was found to be significantly decreased by about 10--15% [@bib34]. Although we did not measure fecal energy loss in our study, it is likely to be very similar since our surgical model and diet were almost identical. Thus, weight loss in this mouse model of RYGB is driven by both reduced energy intake and increased energy expenditure [@bib34]. In humans, the main driver of weight loss appears to be reduced energy intake, as most studies did not find significant increases of energy expenditure (see [@bib35] for recent review). Given that our double deletion was directed at two major satiety signaling pathways, it could be argued that the negative outcome was due to food intake reduction not being the main driver in the mouse model. While we cannot completely rule out this possibility, we should have seen at least an attenuated weight loss in the GLP1RKO/Y2RKO mice after RYGB. Long-term clinical studies with combined administration of GLP1 and PYY antagonists would be necessary to provide a more definitive answer.

5. Conclusions {#sec5}
==============

Unexpectedly, combined loss of GLP-1R and Y2R signaling in male and female mice had only minor effects on body weight, fat mass, and glucose homeostasis under both low and high-fat diet conditions. Furthermore, RYGB in diet-induced obese male mice was just as effective in lowering body weight and adiposity, and improving glucose tolerance and insulin sensitivity. Future experiments with inducible and tissue-specific knockout strategies will be necessary to rule out the potential role of adaptive compensatory mechanisms.
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